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into protein scaffolds. By combining the broad reaction diversity of metal catalysts with the precise recognition
capability of biological macromolecules, ArMs provide a critical tool for expanding the catalytic boundaries of natural
enzymes. In vitro reconstituted ArMs have demonstrated unique advantages in a range of asymmetric transformations,
including transfer hydrogenation, cyclopropanation, Michael addition, and C - H bond functionalization. However,
their practical application remains constrained by multiple limitations, including high protein purification costs,
insufficient stability, challenges in cofactor regeneration, and limited compatibility with complex reaction
environments. Constructing ArMs within living cells or cell-derived systems enhances catalyst stability and production
efficiency by leveraging the host cells’ intrinsic metabolic networks, protective mechanisms, and compartmentalized
structures. Furthermore, whole-cell systems support autonomous cofactor regeneration, multi-step cascade reactions,
and high-throughput directed evolution screening, demonstrating remarkable potential for industrial applications. In
recent years, whole-cell ArM systems have achieved non-natural catalytic reactions including olefin metathesis and C -
H bond activation, thereby expanding the inherent reaction scope of natural enzymes. Nevertheless, their development
still faces core challenges in catalytic efficiency optimization, metal cofactor delivery, and large-scale preparation. This
review systematically summarizes engineering strategies and application progress for ArMs in whole-cell systems, and
is organized into three core modules. First, intracellular assembly and localization strategies are discussed, covering the
fundamental principles and breakthroughs in cytoplasmic assembly, periplasmic localization, and cell-surface display.
Second, the technological framework of protein engineering and high-throughput screening is reviewed, including
multi-level mutant library construction and various innovative screening approaches. Third, scenario-based applications
are examined, with emphasis on tumor-targeted therapy and high-value chemical biosynthesis. Finally, future directions
are discussed, highlighting the deep integration of artificial intelligence and synthetic biology as a key driver of future
technological advancement. The insights presented in this review are expected to provide theoretical support and

decision-making references for the development of efficient and stable bio — non-biological hybrid catalytic systems.
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Fig.2 Assembly and localization strategies of ArMs in E. coli.

(ArMs can be localized in three subcellular compartments: cytoplasm, periplasm, and cell surface. Cytoplasm: The protein scaffold is expressed via a
plasmid, and the metal cofactor is transported into the cytoplasm by specific cofactor transporters. ArMs assemble in the cytoplasm, where substrates
diffuse or are transported into the cytoplasm for catalytic conversion, and products are subsequently excreted. Periplasm: The plasmid-expressed
protein scaffold is secreted into the periplasmic space by a transport system, and the metal cofactor is delivered to this compartment by corresponding
transporters. ArMs assemble in the periplasm and catalyze substrate conversion. Cell surface: The plasmid-expressed protein scaffold is secreted by a
transport system and anchored to the extracellular membrane surface. ArMs assemble on the cell surface, where they directly contact extracellular
substrates for catalytic reactions.)
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(7] BN 1A I 12 52 B T R 9 375 1 O d2t i (1) A 7 RAR
H 3415 2 19 ArMs 7] 36 & 2 2 0 B i 1k
SN

W& S Y S5 BRI,
Wt N ArMs 73 T BUE I g 2 — 0 1%
TR [ YR A . Rosetta 25 #4) T 4% 1 & 1 H U
5 A7 5 M3 f1 98 A8 (site saturation mutagenesis,
SSM) \ ZH & ¥& 1 AL g3 A X (combinatorial

Mutation Library Design

CAST) " ik AL
248 (iterative saturation mutagenesis, ISM) 7
ERMEFETEARME G, = TSR plm
Heinisch ¢ A\ FF /& ] Lpp-OmpA f#ifi ;& SAV J& 7~ &
g, JE I E T A R AR R 15 W R AR R
(SHI2M-KI21A), HRUIEEILTE 36 15, RIME
PERE 8 5.7 7% B XT B w0 HE R AR S i 1 Ak
R, BT EMEMER T BA MRS BERE
F1 I biot-SAV-Rh (ITD & 151 ) sies 14 235 44 45 12 K65
Wt T N4 A7 s RAR, SEL 1 1 S5 s Wk bk ] 5
B 0T B B PR A ) Y R Sk Y 2 B S e R
HIHE ST K TOETER MID1sc 5 H 2L
i& N = 2 Diels-Alderase (DA7) it fEH, Zeil
it Rosetta & 115 % B2 ok B0 A5 40 T ) BE il 2R A%
e, PG G U A AN B sl AR S S B gk Ak V2
e ZEARAT 1) T AR AR A R R SRl Y X
FEWE B R FRARIL T ArMs 43 1 250 M 22 56 97 146 21 22
PEBCTE, R BRI BRI, N ArMs
MRS ERTH ST IR I T RS R T & -

active-site saturation testing,

2.2 MRS EERERAEHR

22.1 R taRaFERM ik iF ik

1 43¢ 210 Ak g 97 U8 BOR RO 8 (1 i e o8 3%

Mutation Library Construction

7% &
T - 5T A g ssssss . N
MW = -
Random Saturation
LRBERERISEY T i ety 2 mutation mutation
Sequence Structural .
analysis analysis yﬂ“)ﬂ(
ArMs Point mutation
Protein

Beneficial Mutants

Characterization W

-

Improved properties
* Catalytic activity
*  Thermal stability

A1

Properties

*  Substrate specificity
* Enantioselectivity

Engineering Library Screening

> L
2 . —

& Lo
J Cell-free extract "\rh'L
QiHtaten Whole cells
P —
=
Testing Catalysis

B3 ArMs 7 T EOE BOR TR
(B R T ArMs (157 F BSOS AR, SRENUA PR AR R, R EME . TR CEFEMA td R KRIE.D
Fig.3 Technical pipeline for protein engineering of ArMs

(The figure illustrates the protein engineering process of ArMs, which includes four steps: designing a mutant library, constructing the library,

screening the library, and characterizing beneficial mutants.)
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AN e 3 B 52 B, HL e DAIE 5K SR 48 S P9 Al 24
Bio #XX B, LHBREID (cell-free
extract, CFE) ik RIS . Z AR HE
TR AR B8 64 T kAT 8 AL oy T s, TR OR
FF 55 v 0 B R 18 S R AR B 1 B U A 5 ) e A 1
SR, CFE & F 475 1 1 i N S8 A0 30 JiR 20 855 5 B0
SEEHHNTRE. RAEA>THMULEAREE
AT A T 5 N7 ) P 2 O I s )
Thomas R. Ward 4] LI 5] N — i% 28 DiAm A7
K PEFH W GSH 58k & &AL, A 251k 1
ReREAFM R HEIN R ™ EER L, R
I RAHE 2 7 BL 2 SAV 28 AN S B AL 3 1 AT 58 A% 11 5
AAREE, RS & SEOL EE E ik, @7
T 5EEEI CFE ik & 7o 1Z RGBT T A
TR 2DiIAmEEES S NG, 5
W E [Cp*Ir(biot-p-L)CL] % P& 118 B I A
SE b, 1E G R S A s B 2R I IR B R
{04 A0 T T RO R R Rk 14 . B4k, Yang
S N 3T epPCR € ) FE A6 50, B H A CFE
I R BAT AL T ke, LD 3RAS T3 I8 A ok ik
PEIEIE 92% ee ML TAR A . 7E N Tk E A
g A, CFEffikS k&t RN, 3 —
% AR TR IR T 40 4% HAEE 2 1 3 R
1) RAS A
222 AcwmiaF &5 RER AR

HT A4 ArMs 70 T 20 6 8 A T R
FIR/RMER RS ER M E A . JH i 23 4] K]
HAM MR FE GSHIKE, feA W4t &8 i
DR 7 R R s T 28 T Fe8 7 5% gt DA i ek % g 3]
TR AE, BE R R St Sia ik i
REHE B, B 7 BB ails, =4
TEEE " ERBEE G, SRR SR
L H MR % Thomas R. Ward [ BA - A& 1 JE i 52
7 biot-Ru-SAV Z 4t , il [H VA K MR R 7 A%
M55, & TR IR R RS T 5 5 1 R AL
A B4, Baiyoumy 5 AN 75 TR B/ SAV 5
Ru- MW 4 DX~ B N T 00 TR 2 Bl a8 0 7™ ik
W EE N (GFP) 4 £ 40 i Rk Hi i
A 3E PEAR TE 17 A5 I R AR AR U X &N U E i
VHb K [fl Jé 7= 45 & R APRSOGE , #&57 1 ekl
B 5-WaF-1,2,4-18 A REIHE T4, BdH

2 W0 0 P2 )RR AE R I SR B T B E E B, A ER
CAST/ISM FRA3 (¥ /5 A7 i A2 1 Jee It A1 57 (4 e )
38 N A A AT B AL AR B, Vallapurackal 25 A\
R RUFL VR A 2 5 G ) B T R B s
H BN K o A B 2 T G A A 7 ) 2 A R S
B, I 9 O O 48 i 73 & (fluorescence-
activated cell sorting, FACS) S =i & ik .
Z ARG F T T J 78 B Bl 0 Gk I, B RS R T Ak
FHH IS 50 AR, i I R AR E RIS 68
%, BEBETAERE T ET . X AR
PRFR A R e B . D0 AL S R TIOA B 5 42 T A 3
i, WENTE T ArMs P CE

JE T AT 6 1 ArMs 73 1 o 2 S
EBERE, AT AR FR A I Rk A AR
MR G 2 IR SR Ph b . LA B T R B oR
(£2) , KRZHArMs L AE A0 257 17 5 1) B i
W, AR A 2503 R0 RS A I M R IR B S s B
oK ARBOX LR, R RBF TR E S IT K
ZHEEWNARFRA ST REE, SEEMRER
ARSI I R R, IR I R e B B s
A4 Ja T T O B RO B R . 3K R [R] 61 K
HEZ) ArMs 1E 5258 JI P %% A0 RRS HEAfE AL 77 TIPS 2R
Wk

3 gk N\ L&)mM R

A2 ArMs A0 IR 208 I8 N T4 8 i 1k 7
R AR S, WTEMEIERAR ML) RE,
W TR ERTL R . Bl %R K
DN T 2R RR R BIZER, WEEREE 0.
C-HEEDIRe LS B, R T HAEG BRI E
Kk Jy. fEEm L, mrRE#H— 5B LS9
ArMs ({17 3 Bk S E 7 17 18 Jiog 42
YR IT AT, B #% ArMs F D F2 35 41 AR T 1 v 40 i
BIT IR, TN R R AL T 251k, TR AR
FCE V2T I RURETG AR A A S S AR A )
WU, ZARRTTREA A R L, LR
AT A R G RS LA S, R G T TR A
oy B A b D B . DU K A o) I 4> 41 il ArMEs 78
X AN B AU, R T R S B T
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Table 2 Examples of molecular modification of ArMs based on whole-cell platforms

4 P E2
= é;mf@ & AR HEAL SR a3 U TR i i SR ! /.%
FE DL B ik
1 4R Sav-SOD Biot-LAuCl Sk S IEAR AN AR 4R L [78]
Ak UPLC-MS 4 b7
2 iR Sav [Cp*Ir(biot-p-L) B AN ER R AR IR [75]
(¢l}| HPLC 5 #t
3 R CYP119 Ir(Me)MPIX IR LE A0 3 IEARHL R 58 A AL [11]
GC-MS 43 Ht
4 g CYP119 Ir(Me)MPIX N-H 8 R 5246 N YA i T 7 S A AT A4 M A Ak S [79]
JEAR AN FRAR HPLC/GC 73 #t
5 R CYP119 Ir(Me)MPIX C-H 8t R E=3f N RN 5 AR A2 A K [17]
HPLC/GC 7 #7t
6 4l Pfu POP dirhodium cofactor IR e A0 S8 255 PCR MR S [68]
BT RAT HPLC 73 #r
7 YUK Pfi POP dirhodium cofactor IR e A4 2 3 TE RURA aifb L [80]
HPLC 73 #r
8 4R LmrR Cu"-Phen Friedel-Crafts f& & (b fl R 5 AR A2 AR A K [47]
Diels-Alder & HPLC 43 #7
9  4UME  De novo #it Ik Zn" Diels-Alder /2 3 HRIFA D PCR VA IR [10]
MID1sc TRAE 1 R AE AL Dy ol
S:R2 T QT 1 ArMs 5 T oo 2451
Table 2 (Continued) Examples of molecular modification of ArMs based on whole-cell platforms
P — %
5 é’m.&@ & T AL S 3T Bl S i 1 SFE s ! f%
TE AL X4 SCHik
10 4 Sav-FPD & & [Cp*Ir(biot-p-L) CI] R A A B AN AR AN [54]
JA R D Rl
11 4l Sav Biot-Ru KRG RIN, BRI 5 7R EIEN L [16]
JA 5 DRl
12 41l A4 3K cb562 Zn" B- PRI AR SN MR R AR WP R [8]
JA R 25 A “°RIDC14 JE 719t 1%
13 gl Sav [CpRu(QA-Biot) (OH, )] RGN R AR AN R AR YR [57]
Fifi Gy oRll]
14 Nl Sav [CpRu(QA-Biot) (OH,)] PR RS AR YRR [76]
Fim GC /it
15 40 hCAII Ru-HG RIS ANRAL it o [62]
Fimi eI
16 el hCAII IrCp* R A A B MR IR MM [59]
Eq1] SFC 74t
17 Eiipial VHb Co(ppIX) T R A A 2 82 HAIEHEA S AR Sgufi i [58]
Fifi JEAR MR RAR TR
18 il i OmpF Zn" KR SN TR 9 AR SNt R [63]
Fim TR
7E: ' UPLC-MS: Ultra-Performance Liquid Chromatography-Mass Spectrometry; HPLC: High-Performance Liquid Chromatography;
GC-MS: Gas Chromatography-Mass Spectrometry; GC: Gas Chromatography; SFC: Supercritical Fluid Chromatography
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3.1 EEmiasT N A

TE M JRg B 1) Y6 97 I, ArMs BR @ I A 2
“CEL-fEA-IRTT T RGP, ORI RS
RABMETEWNAIH T %, HZOETHHAER
R <5 J A A T O S UL PR M 5 I 1 T 24 JiR s
WO, BUEAL A R A IR UM T, R R
IR TT I FEVE B R BB B . SR, i
AR AR R ATY T I R Bk . AR BR SR &)
EA LR E T, DA MR R e R R S R
SR RS 1) . Bl X BBk AR, AtMs IR R &
T3 T MAK AN B #8430 41 i 2 A 153 T RE AL
2 O R JEC B I D B, A A A 20 R R e A
AT

B F2 5 P ) A, Katsunori Tanaka [4] BA T 1)
4 A A N I E 28 - (human serum albumin,
HSA) Bk BAEEN “ 0 TRIAR”, A ArMs £
20 mM GSH A 55 i A7) e OR FF e e AL TR 1, BT
SR E 2R (RCM) SEgE v ™, [F i FF
RIIHESEAL ArtMs  (GArMs)  FI| F N- 5 5 £ 13 1)
W6 AR S 1t R B BR S AR, SIEBIL T AT R A AR ) A AR
EAL (Bl 4a) . 24K 2 PTE0OE 125 R DURI AR, 78
Z P A R R AR R AR T BRI
IVESVSE BN IR il KR gl R LTI G2
TRFTMmMEASEE (albumin, Alb) [ 5 AL i &
BB ) ArM SR« 3 3 f I S G A A S I AT AL
A, AR ML R ALb B 4% B ArM 3F BLER IR
RGD JUk#E ) JifJgg , 78993 b 50 48 16 & BRARE 9 T2 IR
B, A R A g A

B A% Gt AR 52 AR BE 1) SEIE A, 40 0 36 T A%
FiAR 79 ArMs AR R R TTRE T 8T 4ERE . Ghattas 55
NI L T B A AR, R KSR A, IR AR
I RE 5 001 4 AR T 70 8 D 25008 N 4l 2 ArMEs
(K 4b) . ZMERETHENEIGYE (HEK) 403k
%35, BE6E 58 B0 37 44 1%k 3% 7 Diels-Alder X I,
SCR Y AR SZARAE g B 1 S SR AR A g2 S A
BT K ArM-Tag R Gt — D e 1 N A5,
ZRGEAWE R T A SAV AR, it
HE A0 41 2 TR O- Jit I A 24K S 82 7= AR 6 4 i o H
), SEEL T UK AR T A RS HEAR IC,
D f# At CAR-T 48 i 55 b J89 40 fu () %5 2 % AH B

TER ™,

T iR B 5] 386 36 7 T, K A B R A T R AR
i 988 ik B B 1) 5 R A 1 B BRAR VR AR iR .
Kl 4c o, B8 A A E B FH 40 3 R 28 5 45 1
BRI AR, G g0 T ) R SR HE R BE
FISLBURE HEZG Wik . TR 45 B g /N AR
Z WS KA AT 2978 9T T Ao AL iy, B
L BRIt R e AEFR. P RHABEET
BICREGYEMG, v SCILA R 7 7% 1A% 40 i,
S b R L 1 D ML PN 2 O Y. kA, Li SN
HET—MABERMIER AIM R4, ZAGdET
B E AR SN A WA R R, A S T R
FH B 5 Joid A4 ] S T 200 e FBE i 4 o o ) oEE A
BB FERMRE YR TT R, BHES IR A R ArMs
i 3 5892 0% 5 i B AN (Enhanced Permeability
and Retention, EPR) I 1E Hfaf {E H 51 20 & 48 2
RN, JFRUERE R . LR RN,
Z ARG A AL R TE 90% LA b, iR sk S
TR B AR 2 . XA “E AL 7 SRR R 25 1)
0T AR PR T R O B, RS HE R AL YR T 4R
fit 7 e,

3.2 SEAFEREMEMH

TEAESH 29 & A S . B R R fE
ArMs & 3L H R A% Gt Ak 2 0 72 5 R SR PR kR £
TREES1. B 5 B, ArMs BERS A S 2 Rl e g 24
Y& R B, Fok O A 3505 T -4 8 B 5 41 A AL
il —— il i B A A Bk S 1 RN 2 R S A ) 1
B SEAR R B, Dy v O 48 245 47 v T8 A 1) A 2 4
BETOB A TSR A R AE Y. DL C-H AV 1k
A F, Thomas R. Ward [ BAJT & I #: N\ SAV (1]
CulD ARG FR, LI T sp® C-H 8 R =4
N RE () A s D B- PR T Fie 1 - P T g 45 B 222
e 2 AR IR & T e T R (B 5a) ™ B2
FEAHEA T, Zhou %5 AGHT PR H LmrR & H 5C
2, SEHERAREDER (pAF) 5 CullD-phen 4%
G IR &, A IE SRR S,
AP RAT ZNE (B5b) ™, Bre—{
Ak R 40, IR sERgdE— P e 7 ArMs BB H .
Tang %5 AF H Cu-ArMs 5 DAL IR (Novozym”
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Lectins Cancer cell membrane
(a) ZETHEEAL N T4 JBE (GArMs) [0 a) Jih 8 i 25 0TS VR 97
Hemg . AZSRIEF I HSA 8K PR LRI ArMs %52 GSH k3%, Rl
T BE B (N-glycans) 5] PRI 4L 2 52k (Lectins) ,
BT (Rw) HEALFIRS o B4, AT s i 2 B,
(a) GArMs-based strategy for targeted tumor prodrug activation. This
approach utilizes the hydrophobic pocket of HSA to protect ArMs
from GSH deactivation, while N-glycans enable targeting of tumor

lectin receptors, ensuring precise delivery of ArMs to cancer cells for

81]
ol e,

//é;onin %

o (oral gavage) E. coli
iy E loaded ArMs

efficient prodrug activation

Modification
by cationic
star polymers

Entering '
eukaryotic cells Wy

Diels-Alder reaction

& ArM #
S . l, © oo
vy

‘]la A, receptor

(b) P A JEE A T HEK 2R R TN K A, IR AR v iR
FBSCSE, FIH CulIDEE & -A,, TSR & WA N IR AL

YH % ArMs, AT R 4L Diels-Alder BRI 82 14,

(b) The endogenous human A,, adenosine receptor on HEK cell

surfaces served as a protein scaffold for in vivo assembly of ArMs via

a Cu(Il) complex-A,, antagonist conjugate, enabling efficient
[44]

catalysis of the Diels-Alder cycloaddition’

Eukaryotic cells

(c) RIATR-BAR Y B (LLPS) HARLERIGFF B AR & AN TI S, Rk SR an ArMs 151 O, 645 B /N RO AL S 1 IRE B3
TR ARG K AT o TR e M S T IR B AL, IR AR ALK AT 25 OIS 25 . it — PRI T EIE R &Y (Cationic star polymers)
A TRRE, (AR N BN, STOLME P R 2GS B

(c) The LLPS technology was employed to construct artificial protein compartments in E. coli to stabilize and enhance ArMs activity!"”. In a mouse

model of colorectal cancer, the engineered E. coli delivered via oral gavage specifically colonized the tumor site and converted prodrugs into active

drugs at the lesion. Furthermore, the engineered E. coli was modified with cationic star polymers, enabling their invasion into eukaryotic cells for

intracellular prodrug activation® .

B4 T ArMs B BRE AR ST SR
Fig. 4 Tumor-targeted treatment strategy based on ArMs.

435) MM WL PR IR = JE A R BLSEIN 1 -
Tk e L 1 5 1, A TS B A o TR T g
GigR (Es5e) ™, Huang 28 A A1 “ArMs-J6
AL PhEAR R, K Cu-ArMs 5 Ru (bpy) ,CL 6
ARG G, LT JRIREh B A X R,
B T 2 B a-FVEEH A B R AR S
FARGIUE | ArMs 1E 25 v (B 4& & R ()4 A6 7T
ITIE S SLARIE RIS, v g AR R i N 7
HBEE | RN

TEU LA R R ) 4 il AcMs 1R &, i3 —2P
HEBh 2596 M AR A 2 A g s S 1) 3 4 B PN )
JE AT A AL, B R 7 55 30 54 4 R 0
RHZHMIE R, RAVSGOEREME T HAS
GrvEm st % . ERZRIE RS, Chordia %
AFH LmrR % A 5 Cu(ID) -phen & & 918 i 48 43
THHALR, R E N E TR 3.
AR ZR ) SEI T M1 24 A A D v T B IR R
Friedel-Crafts e 540 SN, 4 T 1 M| DR AT AR P 1 A=
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o] o]
O’( Biot“*-TazCu(l) HMN
—_—
R\/\-)\ 3 BAY

(2) ﬂw‘;&ﬁﬂc Hizmmmxml" 1

(@) E
\H‘\/p" CHO Cu(l[}-phtn
<' = LmrR_V15pAF <_/
(b)) 3 AR N0 e 1 1871
(b) Michael addition reaction!*"!
o, .0
4-OHPIP- o Sl

o] O

biotin* Cu{l]
QG S R

(c) 2B i"f'ﬂ JIS?.T‘EQIL ﬂ‘b{J 1)
(c) E M

7)\/\ m Cu(IT)-phen

<' LmrR <-—N
(d) B (Y Friedel-Crafts bt 3644 52 1147

(d) Friedel-Crafts alkylation of indoles!*”)

NH

+ . ANCS Co(pplX)
R

R NH, 4 VHb

N-~
R
3_<N,,J\N’R4
H

3

() LI 0L 4 Sz 181

(e) Thiourea oxidation reaction!**!

(o}
[CpRu(QA-Biot)(OH,)]
.\N )LO AN = SAV — .\
H

() 5 7 - e PP R R 4 e 1) R O 4 L i 1)
(f) Deprotection of allyl-carbamate-protected amines!*!

B5  th ArMs AL 2590 & 1 50 B e 7

Fig. 5 Key reaction examples of drug synthesis and

NH,

modification catalyzed by ArMs

Y& R At T s (B s Y. Xu s N K
A B R T R RGEMEE T &5 -k N T2 & A
(VHb-Co), K HAE NN THiNRALEE, MRIhseil T
2 TP R A 50 B -1, 2, 4- 188 IR 1 T R
(50> "0 TERAZ AN, B FE N G biot-
Ru-SAV AL G AW e TSR AR T, B
Ty S 047 P -0 s R R I AR 3 e R R IS,
iTEﬁ%@%EE@%%A&mTﬁﬁ
(E 50 W, IXETF A TAE N 0 7 JEAL A R
BETHENG, RIE T ArMs R Py ST R 5

4220 ArMs 14 5 5K IR 0 AR BILAE 5 40 i AR
W IR E R A . B 6 IR T P IAR R AL
H—, Huang %5 N8 7E KM AT B H AL 22 5 AT A
A R, 454 ArMs (Ir-CYP119) {4k JR 7 4
BT A5 R A TR T B A S B, B IRTE K T AT B
PN LI T AR R ARG B A G W) —— 36 T4 B AT A5 A

G, AR RGN 2 P RE T8
Wt H, Zouw®E NTF R T LA & R S SRR
(OEA 273 /R AR SR LA TSI i BuR (AF =823 L B}
iy 240, M HZHEARSL S AL (ribosome binding
site, RBS) L2 A% #E 4% 44 € ArMs (Rul-
hCAID 5 Py i % 8§ UndB (R L), SCBl T
N EHEZ R T ZR  oR I I B A ot M 1) v AL
Grile FIREGIRIL T A4 ArMs 11 £ B 2 15
(R JHRE AR e T AR R AR AL S B B B B N N R
AU IR 2%, DURE PN SR A A= e i ARt o [R) 44 S A
ST BT S il B R B R R AR P ) — ik A,
TG AMIEES N G 5t B S SRR . I, Zou BN
— B RS VE T TR AE H L = A T
TERHERRE o il , R R A i 4 i )
fHE AL & BCAE P AR 5% O 1 3R AR T B i Ak P
& ik, ArMs &g iR R D BCA SR B
e RAURM R R I I Kk, BEESRAE
Y EA B TR R RIR RS, g
MR R A B — P R IR ], SCILTE R 2%
SR IR R, AESEILRRAG IR A . v A
Re VR0 S R R R -

24 ] ArMs 38 RN T < e A0 7 45 3 40 i
RGES, NAERARMA S LD HE KRS TR
T AR TR, AL 41 i 4 2R E A SR
Oy 1 S 5 A 5 ik DA K R #E R T S EE A
b A OV ST UG TR E R, (HEE
S B TN S P AT AT B, i DY R A R 3 S
BUA fift R SRS AR 40T

(D) & AR 73 E E ALY AR A PEPR AR

fEE Y ArM AR R b, R I T A e
5 A AR A PR A L N A D R — .
PN I T ) Jo A < SR B T B S < Je O A
ORIGEEIE . [N, &R s TleEka
PirlRedEs e A SR AR, IR RRAE A
YKoy 1, & R R M T AT 1

R by - TN S T RN LW VA R
RN T X = F i 25 5 T T JE R AL BEit . H %
e ArMs 5E {7 28 400 J o3 R T, A P A 4 g SI2
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Cyclopropyl limonene

ot
I

Ir(M e)MPlX

l!—

. NF COE
wﬁv‘~<in e

Ir-CYP119

Limtmene

Apo-C\’I"l 19
Combining ArMs with Natural Enzymes for Whole-Cell Catalysis

L N ON

Fatty diacid

g

Terminal dienes

UndB
(Inner-membrane)

«‘ " Ru-hcAnl
" (Surface-display)
n

Cycloalkene

Ble AT A ArMs 5RRAFI MMM A R RER.
(LR T D% (Limonene) JRMIMIFRIbEA0 SRR 2 S 72 R B A 4G 2 e DA A0 R AR S AT AR IR A, R k-
WME A Ir (Me) MPIX 5 BUAZEE A CYPI19 AR B Ir-CYP119, I HI EL ZUEY) EDA AL FT 1505 R AL SR I e A S, 28 B3R T 2 A7 0
(Cyclopropyl limonene) ", @75 T LATI AT AL & KA GEE (Cycloalkene) & ik R : MIEIMEL N AL G — 82 (Fatty diacid),
PR F5208 Und B A AL FL R 2 AR~ (Terminal dienes): RBHHT B 1M B/ H Ru-hCATLIE— B AR 3 b, AEMRkels 0
Fig. 6 Schematic diagram of a whole-cell catalytic system integrating ArMs with natural enzymes.

(The figure above illustrates a cyclopropanation system using limonene as the substrate: an engineered E. coli strain produces endogenous limonene
via a heterologous biosynthetic pathway. The iridium-porphyrin complex Ir(Me)MPIX is assembled with the apoprotein CYP119 to form Ir-CYP119,
which catalyzes the cyclopropanation of limonene using the diazo compound EDA as a substrate, yielding cyclopropyl limonene!''!. The figure below
depicts a cycloalkene synthesis system starting from glucose: glucose is metabolically converted into fatty diacid intracellularly, which is
subsequently decarboxylated by the inner-membrane decarboxylase UndB to form terminal dienes. These dienes are then cyclized by the surface-
displayed Ru-hCAII enzyme on E. coli, producing cycloalkene!*.)

VPRGBS, DARRACH P BRI 4 8 i 1tk O B 3 R 3T SL B S, SN AR E AR
Hk, 7K H RifGen/RifDock 1 Rosetta FastDesign 1A ZKF. #i{f ArMs =1 20 H. D 8 56 % 1) OC B TS o

SR A T AR S RIS AL Y, B (3) fEfe R P AR

WAL LY R BOR 5N RIRE SR AR A HE )
RGN . SLAh, A Y A L A R =T
ol S S ) AL BB, I 5 45 S BB S5 T 1K
FEfRAL P, ATEE— 2P 5T ArMs £ A g A A AL A
RS R E M S HEALRCR

(2 E\ABRERIE P

fEEM M ER AR T, RIRRIE ArMs 7 (E B
I VE 5 A A RS 2 T USRS Al P . A R
KA, = FBHEGIEESZR, ik &
PR Rz, W ERIEAMNEIACH 74, i
%%iﬁ R PR TR B ] ) A0
PE, EZHI S AL IR R BB AR R T . Il AL
%%7%%ﬁﬁwamuﬁamw HaEE S

A Y A 2 ) ArMs TR S5 R RE R I i, AfE

EMEZEY, HEANEZ2E (pH. #7151
ﬁ\ﬂ%ﬁﬁﬁkﬂﬁ%M%£>m7%%m$E
L AR B NEE AR, HETT M55 S BOE R L
PER=PAEE . SR 2 REZTH SRR 5 5E At A A
iGN, ATERE TR S A 1 AR

R A BT A g M Y v R R 1
A, BEWPREIERIF ST ArMs FIREAL 2R . T
FEACABE, RS R WU SRR 2 B4 R
THAERGNIT R, RGEVESEE T 2400 ArMs )
JEM 5 P A% R S L2 B P

(4) R 4 a6 T Pk
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